ABSTRACT
INTRODUCTION
The strontium isotopic ( 87 Sr/ 86 Sr) composition of the ocean is homogeneous at any given time in the geologic past because of the long oceanic residence time of strontium (~2-4 m.y.) relative to oceanic mixing times (~10 3 yr; Elderfi eld, 1986; Palmer and Edmond, 1989; Veizer, 1989; McArthur, 1994; Davis et al., 2003) . Seawater 87 Sr/ 86 Sr varies over geologic time (Fig. 1A) in response to changes in the magnitude of the riverine Sr fl ux, the 87 Sr/ 86 Sr of rock types being weathered on the continents, and the fl ux of Sr from seafl oor hydrothermal weathering (Hodell et al., 1990; Richter et al., 1992; Ingram et al., 1994; Jones et al., 1994; Banner, 2004; Waltham and Gröcke, 2006; Young et al., 2009 Sr curve to biostratigraphy and geochronology makes it possible to use Sr isotope stratigraphy as an independent method to correlate rocks (Burke et al., 1982; McArthur et al., 2001 ). Sr isotope stratigraphy is commonly applied to Mesozoic and Cenozoic time periods, but efforts in the Paleozoic have been hindered by a lack of abundance of well-preserved materials and uncertainty in stratigraphic correlation or radiometric age uncertainties McArthur and Howath, 2004; McArthur et al., 2012) .
The general structure of the 87 Sr/
86
Sr seawater curve for the Ordovician Period is well established and shows falling values from ~0.7090 near the base of the Ordovician to a minimum of ~0.7078 in the middle Katian (Denison et al., 1998; Qing et al., 1998; Shields et al., 2003; Young et al., 2009; McArthur et al., 2012; Fig. 1A) . However, the extent to which the rate of fall varies during the Ordovician (Fig. 1B) is less well understood, and more intensive Sr isotope sampling is needed from sections that contain index fossils or well-dated volcanic ash beds. The maximum rate of fall in 87 Sr/ 86 Sr has been estimated at ~5.0-10.0 × 10 -5 per m.y. in the Darriwilian and Sandbian Stages of the Middle to Late Ordovician (Shields et al., 2003; Young et al., 2009) . These authors linked the high rate of fall to unusual tectonic activity and sea-level changes that affected Ordovician Sr fl uxes. Although parts of the Middle to Late Ordovician clearly stand out as periods of anomalously high rates of change in 87 Sr/ 86 Sr in McArthur et al. (2012) (Fig. 1B) , these same authors cautioned that, as with all pre-Cenozoic time intervals, this result should be carefully examined for evidence of time-scale compression (i.e., anomalously large 87 Sr/ 86 Sr rates of change that are mere artifacts of poorly constrained radiometric age dates or biostratigraphic correlation) before drawing conclusions about causal factors (e.g., Jurassic example in Waltham and Gröcke, 2006; McArthur and Wignall, 2007) .
If observed high rates of change in the Middle to Late Ordovician are not drastically diminished with improvements in radiometric age dates and biostratigraphic calibration, this Geological Society of America Bulletin, Month/Month 2014 interval, which is marked by major biological and climatic changes (Trotter et al., 2008; Servais et al., 2010) , holds great promise for Sr isotope stratigraphy. McArthur et al. (2012) calculated that when rates of 87 Sr/ 86 Sr change in the Phanero zoic exceed 5.0 × 10 -5 per m.y. (Fig.  1B) , the stratigraphic resolution in these time periods can theoretically surpass 0.1 m.y. In the Ordovician, 0.1 m.y. resolution using Sr isotope stratigraphy likely cannot be achieved because of limitations in biostratigraphy, geochronology, and sample preservation that result in scatter in 87 Sr/ 86 Sr data (Shields et al., 2003) , and a more reasonable goal is 0.5-1.0 m.y. resolution.
The purpose of this paper is to more accurately calibrate the Ordovician Sr isotope curve to conodont biostratigraphy and geochronology, and to fi ll in underdocumented parts of the curve. We measured 87 Sr/ 86 Sr in conodont apatite in North American Ordovician sections that include some of the best studied in the world for conodont biostratigraphy, primarily in Nevada, Oklahoma, the Ohio Valley, and Appalachian region (Figs. 2 and 3) . To calculate rates of change in 87 Sr/ 86 Sr, we utilize the new Geologic Time Scale 2012 (Cooper and Sadler, 2012) . Our results, which support use of conodont apatite as an accurate medium for seawater 87 Sr/ 86 Sr under certain circumstances, strengthen the notion that Ordovician Sr isotope stratigraphy is particularly effective as a high-resolution correlation tool in the mid-Darriwilian to mid-Sandbian Stages characterized by high rates of 
CONODONTS VS. BRACHIOPODS
The most-detailed investigation of seawater 87 Sr/ 86 Sr for the Ordovician is the brachiopodbased curve of Shields et al. (2003) , which makes up much of the Ordovician data in the Phanerozoic compilation of McArthur et al. (2012) shown in our Figure 1A (note that McArthur et al. [2012] also utilized bulk rock data from Gao and Land, 1991; Denison et al., 1998; Young et al., 2009 ; and conodont data from Ebneth et al., 2001) . Although well-preserved brachiopods composed of diagenetically resistant low-Mg calcite are generally accepted as a medium for accurate measurement of 87 Sr/ 86 Sr trends in the Ordovician and elsewhere in the Paleozoic (e.g., Korte et al., 2006; Van Geldern et al., 2006; Brand et al., 2012) , signifi cant gaps in their availability occur in parts of the Middle to Late Ordovician. Conodont apatite can be extracted from virtually every marine Ordovician-aged carbonate rock and tied to the global conodont biostratigraphic zonation (Fig. 3) , which is the most widely used zonation in Ordovician carbonate facies (e.g., Harris et al., 1979; Bergström, 1971 Bergström, , 1986 Sweet, 1984; Sweet et al., 2005; Cooper and Sadler, 2012) . The use of conodont apatite as an accurate and precise medium for seawater 87 Sr/
86
Sr stratigraphy is debated in the literature because of questions about the commonly observed postmortem incorporation of significant amounts of Sr, which could derive from seawater or non-seawater sources depending on pore-water conditions (e.g., Bertram et al., 1992; Kürschner et al., 1992; Cummins and Elderfi eld, 1994; Holmden et al., 1996; Ruppel et al., 1996; Ebneth et al., 1997 Ebneth et al., , 2001 Veizer et al., 1997; Qing et al., 1998; Korte et al., 2003 Korte et al., , 2004 Martin and Scher, 2004; Twitchett, 2007) . Similar debate surrounds use of bulk rock for Sr isotope stratigraphy (e.g., Gao and Land, 1991; Denison et al., 1998; Young et al., 2009 ), and we have a separate study under way to better characterize accuracy and precision in fossil materials versus bulk rock in the Ordovician using some of the same sections analyzed in the present contribution (Edwards et al., 2013) .
Direct comparisons between Ordovician conodonts and brachiopods may be used to assess their accuracy for seawater 87 Sr/ 86 Sr measurements. The precision (reproducibility) of these materials, which also determines their effectiveness for use in Sr isotope stratigraphy, can be compared with each other but also with younger periods. For example, in the late Neogene replicate analyses of well-preserved foraminiferal calcite could differ by as much as 2.0 × 10 -5 (Farrell et al., 1995) , and an Early Jurassic 87 Sr/ 86 Sr study by Jones et al. (1994) found that reproducibility in fossil belemnite and oyster samples was within ~2.0-2.5 × 10 -5 . This degree of precision, which is close to the external error associated with replicate analyses of the standard (e.g., SRM 987), allows for resolution of small but signifi cant changes in Cenozoic or Mesozoic seawater 87 Sr/ 86 Sr (e.g., ~3.0 × 10 -5 across the CretaceousTertiary boundary in MacLeod et al., 2001 ). In the Paleozoic, a Silurian conodont study by Ruppel et al. (1996) reported precision similar to these Mesozoic and Cenozoic studies (see also Permian cono donts in Needham, 2007) , while Diener et al. (1996) reported ~4.0 × 10 -5 for Devonian brachiopods (resulting from varia bles in geological preservation rather than analytical uncertainties). Thus, over geologic time, 87 Sr/
Sr precision in the analysis of various materials seems to vary between ~2.0 and 4.0 × 10 -5 depending on sample preservation and methods (but not including scatter in some data sets that can exceed 10.0 × 10 -5 as a result of uncertainty in biostratigraphic correlations used in global compilations; see GSA Data Repository Figure S1 for list of uncertainties 1 ). For conodonts, factors thought to affect seawater 87 Sr/ 86 Sr preservation are: (1) the rock matrix of the samples from which conodonts are extracted (i.e., shale or limestone), which infl uences pore-water chemistry and post mortem Sr exchange, (2) thermal alteration, which may also affect Sr exchange and which can be estimated by the conodont alteration index (CAI; Epstein et al., 1977) , (3) pretreatment of conodont elements by leaching to remove altered Sr, and (4) the morphology of the conodont elements analyzed, portions of which may be more likely to contain altered Sr. Holmden et al. (1996) proposed that conodont elements embedded in limestone were most likely to preserve seawater 87 Sr/
Sr values because the Sr incorporated into apatite during early and late diagenesis would be derived originally from seawater (as opposed to diffusion of radiogenic Sr from shale or clay-rich successions; see also the study of fi sh teeth by Martin and Scher, 2004) . Consistent with this notion, conodont elements embedded in a relatively clean matrix such as pure limestone show similar 87 Sr/ 86 Sr values to co-occurring brachiopods, whereas conodonts extracted from shale-rich horizons are on average 5.0 × 10 -5 more radiogenic than brachiopods (Diener et al., 1996; Ebneth et al., 1997) . Bertram et al. (1992) found that conodont elements with CAI below 2.5 were suitable for Sr isotope stratigraphy, whereas a CAI of 4.0 could alter 87 Sr/ 86 Sr to more radiogenic values by ~1.5 × 10 -4 (see also Cummins and Elderfi eld, 1994; Holmden et al., 1996; Veizer et al., 1997; Woodard et al., 2013) . However, Holmden et al. (1996) argued that even at low CAI, a conodont could still be altered because the Sr concentration and 87 Sr/ 86 Sr of diagenetic fl uids appear to be more signifi cant variables (e.g., samples taken from shales impart a high 87 Sr/
Sr signature during early diagenesis regardless of CAI). Ruppel et al. (1996) reported that leaching Silurian conodonts in weak acid (see also Martin and Macdougall, 1995; Holmden et al., 1996) could help ensure accurate measurement of 87 Sr/ 86 Sr, and their data fi t well with the seawater curve derived from brachiopod calcite (Azmy et al., 1999; Cramer et al., 2011) . However, some authors found that leaching may have an insignifi cant effect on measured 87 Sr/
Sr in conodonts (John et al., 2008) or that it is not always clear how much leaching is appropriate in biogenic apatite (e.g., see study of fi sh teeth by Dufour et al., 2007) , and thus leaching may be impractical for studies using small initial sample weights of conodont elements. If, as shown by some authors, portions of the conodont element above the base (i.e., crown material or "cusps") have the least altered (least radiogenic) 87 Sr/
Sr values (Holmden et al., 1996; Trotter et al., 1999) , then careful selection of conodont elements is good practice where leaching is impractical.
GEOLOGIC BACKGROUND

Conodont Biostratigraphy
The most widely used fossils for biostratigraphic correlation in the Ordovician are the graptolites and conodonts (Cooper and Sadler, 2012) . Graptolites are typically found in shale representing outer-shelf and slope regions of the continental margin, whereas conodonts are abundant in carbonate platform environments. Conodonts were distributed into two biogeographic realms in the Ordovician, known as the North American Midcontinent realm and the North Atlantic realm, which provide parallel zonations for use in biostratigraphy Bergström, 1976, 1984; Webby et al., 2004) . Conodonts assigned to the North American Midcontinent realm are generally associated with low-latitude, warm-water environments (Leslie and Lehnert, 2005) , whereas North Atlantic realm conodonts occurred in higher lati tudes or deeper-water regions with cooler water temperature. In some sections where both shallow-and deeper-water facies are present, both the North American Midcontinent and North Atlantic faunas are found (Harris et al., 1979) . In these instances, the method for establishing time equivalence of these parallel zonations can be straightforward. However, in some parts of the Ordovician, the evidence for equating the parallel zonations is indirect.
Geochronology
The Ordovician time scale was recently revised by Cooper and Sadler (2012) , who used all available high-quality radiogenic isotope dates to interpolate stage boundary ages (16 dates total were reappraised and utilized, 11 of which were originally reported by Tucker and McKerrow , 1995) . Important new high-precision U-Pb dates not included in Cooper and Sadler (2012) were reported by Sell et al. (2011) , , Leslie et al. (2012) , and Sell et al. (2013) . These new dates generally support the time scale by Cooper and Sadler (2012) , including a ca. 453 Ma age for the Sandbian-Katian boundary (Sell et al. 2013) , 459 Ma age for the Darriwilian-Sandbian boundary (Leslie et al., 2012) , and a 464 Ma age for the middle Darriwilian (Sell et al., 2011) . The excellent ages of also appear to support the time scale by Cooper and Sadler (2012) , but there is uncertainty in positions of volcanic ash beds (Talacasto and Cerro La Chilca sections) relative to conodont sample horizons in the San Juan Formation (Albanesi et al., 2013) . It may be possible to use δ 13 C carb calibrated to biostratigraphy (e.g., Edwards and Saltzman, 2014) to refi ne our understanding of how these new age dates affect the Ordovician time scale of Cooper and Sadler (2012) .
METHODS
Study Areas
Oklahoma
The Arbuckle Mountains of Oklahoma contain a nearly complete Ordovician succession (Figs. 2 and 3 ). Due to shallow burial history, the CAI is very low (~1), indicating minimal thermal alteration. Our conodont samples come from the thick Lower Ordovician carbonates of the Arbuckle Group exposed at the Chapman Ranch section and along Interstate 35 (Dwyer, 1996) , and the Middle to Late Ordovician mixed carbonate and siliciclastic rock of the Simpson Group exposed along Interstate 35 (Derby et al., 1991) . Conodont abundances are relatively low in the Arbuckle Group (Derby et al., 1991) , but they are among the highest in the world in parts of the Simpson Group (Bauer, 1987 (Bauer, , 2010 .
Key zonal index fossils found in the Middle to Late Ordovician portion of the Simpson Group include species of Histiodella (Histiodella altifrons, Histiodella sinuosa, Histiodella holodentata) in the Joins and Oil Creek Formations (Bauer, 1983 (Bauer, , 1987a (Bauer, , 1987b (Bauer, , 1989 (Bauer, , 1990 (Bauer, , 1994 (Bauer, , 2010 (Ethington and Clark, 1981; Harris et al., 1979; Sweet and Tolbert, 1997; Saltzman, 2005) . We made a composite of a section at Shingle Pass (eastern Nevada) for the Early to Middle Ordovician (Edwards and Saltzman, 2014) and the Antelope Range (central Nevada) for the Middle and Late Ordovician (Saltzman and Young, 2005) . In addition, we supplemented this composite with a partially overlapping curve from Meiklejohn Peak (western Nevada). The overall thermal maturation of individual conodont elements in Nevada ranges from low to relatively high in terms of the CAI (Harris et al., 1979) , with amber-colored conodonts from the Antelope Range at ~1 but higher values of 4-5 at Shingle Pass and Meiklejohn Peak.
Key zonal index fossils found in the Middle to Late Ordovician portion of the Shingle Pass section include species of Histiodella (H. altifrons, H. sinuosa) in the upper Shingle and lower Kanosh Formations (Sweet and Tolbert, 1997; Sweet et al., 2005) . The remaining Kanosh and Lehman Formations up to the base of the Eureka Quartzite likely represent the H. holodentata and P. polonicus zones, based in part on correlations to the nearby Ibex area (Ethington and Clark, 1981; Sweet and Tolbert, 1997; Miller et al., 2003 Miller et al., , 2012 Edwards and Saltzman, 2014) . In the Antelope Range, our section begins in the upper part of the Antelope Valley Limestone, which contains H. holodentata, followed by E. foliaceus, C. friendsvillensis (Sweet et al., 2005) , and Pygodus serra (Harris et al., 1979) . Above the sandstone at the base of the Copenhagen Formation in the Antelope Range, the index fossils C. sweeti, Pygodus anserinus, Eoplacognathus elongatus, Baltoniodus gerdae , Phragmodus undatus, and Phragmodus tenuis are present beneath the Eureka Quartzite (Saltzman and Young, 2005) . Although the time period represented by the P. polonicus zone is likely present in the Antelope Range (between horizons with H. holodentata and C. friendsvillensis), the zonal index fossil is absent; at Meiklejohn Peak, both P. polonicus and the North Atlantic equivalent index fossil Eoplacognathus suecicus are present (Harris et al., 1979; Sweet et al., 2005) .
Appalachian Region (Maryland, Tennessee, Mississippi, and West Virginia)
The Clear Spring, Maryland, section contains a nearly complete Dapingian to Sandbian succession exposed in a road cut along Interstate 70 (Brezinski, 1996; Leslie et al., 2011) , which includes the upper part of the Rockdale Run Formation, the Pinesburg Station Dolomite, the St. Paul Group (Row Park and New Market Formations), and the Chambersburg Formation (Figs. 2 and 3). The CAI is relatively high at ~4. Our conodont samples yielded Sandbian index fossils B. gerdae and Belodina compressa in the Chambersburg Formation but no conodonts that are useful for high-resolution biostratigraphy in the older formations. For these older formations, we utilized conodont range data from nearby pasture exposures studied by Boger (1976) , which yielded C. friendsvillensis in the lower St. Paul, and a section ~3.5 km along strike in the Chesapeake and Ohio Canal National Park that yielded H. altifrons in the upper Rockdale Run (Sando, 1957; Brezinski et al., 1999 Brezinski et al., , 2012 . Because of the restricted, shallow-water facies that dominate the Middle Ordovician at Clear Spring (Neuman, 1951; Mitchell, 1982 Mitchell, , 1985 , the section at Marble Hollow in Tennessee (Figs. 2 and 3) was also analyzed to provide detailed coverage in the late Darriwilian P. serra-C. friendsvillensis and P. anserinus-C. sweeti zones, which capture the important transition to higher rates of 87 Sr/ 86 Sr fall (Fig.  1) . The Marble Hollow section (CAI ~4) is also important in that it was sampled densely enough for conodonts to capture the evolutionary transition between the P. serra and P. anserinus zones within a few meters of section (Bergström, 1973) . The Yellow Creek core in Mississippi (Figs. 2 and 3) spans the H. altifrons through C. friendsvillensis zones, including the interval of the Knox unconformity marked by removal of as doi:10.1130/B31038.1 Geological Society of America Bulletin, published online on 30 June 2014 the H. holodentata zone (Dwyer and Repetski, 2012) . The section at East River Mountain, West Virginia (Figs. 2 and 3), is included here because of the presence of a volcanic ash bed dated to 458.7 Ma (uncertainty <0.5 m.y.; Leslie et al., 2012) that lies just below a conodont sample analyzed for 87 Sr/ 86 Sr.
Ohio Valley Midcontinent Region (Kentucky, Indiana)
The Cominco core (also known as the Minerva core, or section 70ZA), drilled in northern Kentucky, contains a nearly complete Late Ordovician (Sandbian-Katian) succession (Figs. 2 and 3; Sweet, 1984; Dwyer, 1996) . The Cominco core is the formal standard reference section (SRS) for graphic correlation of the Late Ordovician (Votaw, 1971; Sweet, 1984 Sweet, , 1995 , and the species that Sweet (1984) Sr data set to near the top of the Ordovician, including the Aphelognathus grandis zone (and possibly Aphelognathus divergens and Aphelognathus shatzeri zones; Dwyer, 1996;  Figs. 2 and 3). In both the Cominco and New Point cores, the CAI is ~1.
Conodont Apatite Sample Materials, Preparation and Analysis
Ohio State University
Conodonts were obtained from carbonate rock samples using traditional extraction techniques, using a weak acetic acid (10%-15%) for limestone dissolution and a formic acid solution (6%) buffered with CaCO 3 and Ca(PO 4 ) 3 for dolomitic lithologies (see Jeppsson and Anehus, 1995) . Between 0.1-0.7 mg samples of whole and broken elements (simple cones, denticulate blades, and ramiform elements with low proportions of basal material; see Holmden et al., 1996; Trotter et al., 1999) were picked that exhibited no visible signs of alteration and were free of mineral overgrowths (see Fig. S2A -S2C for representative photos of Antelope Range, Nevada, conodonts [see footnote 1]). Samples were rinsed with 1 mL of 18 Ω Milli-Q water, sonicated, and left overnight to remove surfi cial particles or adhesive from slides. Cleaned elements were further treated with ultrapure 1 M ammonium acetate (buffered to a pH = 8). A subset of samples was then leached in 0.5 mL of 0.5% acetic acid for 12 h (e.g., Ruppel et al., 1996; Holmden et al., 1996; Needham, 2007; John et al., 2008) . After pretreatment, all conodont elements in this study were dissolved in ultrapure 6 N HCl, spiked with an 84 Sr tracer, and purifi ed using H + cation exchange resin via two elutions of 2 N HCl through silica glass columns (cf. Foland and Allen, 1991 
University of North Carolina (See Dwyer, 1996)
Conodonts were ultrasonically cleaned for 10 min in deionized water and dissolved completely in 0.5 mL of 5 N nitric acid, and Sr was extracted for isotopic analysis using Sr-Spec cation-exchange resin and procedures modifi ed from those described in Horwitz et al. (1992) . Samples were analyzed on a VG Sector 54 multiple collector mass spectrometer at the Department of Geological Sciences, University of North Carolina-Chapel Hill. Typical intrarun precision was 0.000007 (2σ s.d.). The long-term laboratory value of the SRM 987 standard over the duration of measurements for this study was 
Interlaboratory Comparison
A set of fi ve Sr samples analyzed at Ohio State were subsequently taken to Duke University (current home institution of G. Dwyer) to be analyzed from the same Tefl on beakers (plenty of Sr remained in the beaker from the original conodont dissolution) for interlabora- (Figs. 6 and 7) . The drop in the Antelope Range begins in about the P. serra or C. friendsvillensis conodont zones and continues through the B. gerdae zone. At Meiklejohn Peak (Fig. 8) , whereas in the Antelope Range (CAI of ~1) samples separated by 2.5 m in the Antelope Valley Limestone differed by 0.9-3.1 × 10 -5 (Figs. 6-8) . Lastly, the effect of preleaching conodonts with 0.5% acetic acid (e.g., Ruppel et al., 1996; Holmden et al., 1996; Needham, 2007; John et al., 2008) was examined on a small subset of samples in an attempt to evaluate the signifi cance for precision. Although the observed difference between leached residuum and unleached samples was typically less than or equal to our reproducibility based on replicate analyses (discussed already), unfortunately our analytical uncertainty was deemed too high because of the low concentrations of Sr in our leaches to draw any robust conclusions at this time. The 87 Sr/ 86 Sr analysis on the TIMS at Ohio State University was limited by sample size in that we required at least 0.1 mg of conodont elements but generally aimed for 0.5-0.7 mg. (Note that although we did not preleach all samples in acetic acid, we did preleach all samples in ammonium acetate, which did not reduce sample size.) While our preliminary data are consistent with John et al. (2008) , who reported a negligible effect from preleaching, future studies using larger conodont samples are clearly needed (Edwards et al., 2013) . Even in cases where leaching is likely to be helpful in conodonts (i.e., where Sr from detrital phases are known to have been incorporated during syndepositional and early diagenesis), there is still uncertainty regarding how much leaching is required (for study of fi sh teeth, see Dufour et al., 2007) .
DISCUSSION
Our results provide a detailed conodontbased Sr isotope curve for most of the Ordovician Period, and in Figure 11 
Primary Seawater 87 Sr/ 86 Sr Trends in Conodont Apatite
Our results from conodont apatite (Fig. 11) show good agreement with the Ordovician brachiopod data of Shields et al. (2003) . For example, both our conodont (Fig. 11,  inset) , which is based largely on the brachiopod data of Shields et al. (2003) but also includes some bulk rock of Gao and Land (1991) Sr reported here is less radiogenic for a given time period (see also Fig. S9 [see footnote 1] ). The fact that our data appear less radiogenic overall compared to McArthur et al. (2012) could be an artifact of systematic differences in how individual samples were assigned ages using biostratigraphy or could refl ect real differences in how conodonts preserve seawater 87 Sr/ 86 Sr compared to brachiopods and bulk rock. The concentrations of Sr (ppm) in conodont apatite analyzed for our study were generally high, , which is roughly an order of magnitude greater than concentrations reported for brachiopods (Shields et al., 2003) or bulk rock (Gao and Land, 1991; Young et al., 2009) . It has previously been recognized that Sr concentrations in conodonts are often much greater than expected from a consideration of the Sr partition coeffi cient in biogenic apatite (and much higher than the Sr concentrations in living marine fi sh teeth today; see Holmden et al., 1996) , which likely refl ects that fact that most of the Sr in the conodont apatite is incorporated postmortem, at the sediment-water interface, and during early diagenesis. As suggested by Holmden et al. (1996) , if the high concentrations of Sr incorporated into apatite during early and late diagenesis are derived originally from seawater (i.e., from carbonate dissolution/recrystallization processes as opposed to diffusion of radiogenic Sr from shale or clay-rich successions), this will serve to safeguard the integrity of the seawater 87 Sr/ 86 Sr signature in the conodont during later diagenesis by making it more diffi cult for deep basinal fl uids to alter the 87 Sr/ 86 Sr ratio (for study of fi sh teeth, see also Martin and Scher, 2004) .
Beyond addressing the accuracy of our conodont apatite-based data by comparison to the seawater , and the standard deviation (1σ) was 3.1 × 10 -5 (Table  S4 [see footnote 1]). This average difference of 4.0 × 10 -5 is consistent with the reproducibility estimated for brachiopods (e.g., Diener et al., 1996) , which may be limited by geological factors related to sample preservation and preparation (as opposed to the analytical uncertainties, which are typically smaller and limited by how precisely a standard can be measured; see In summary, although our methods attempted to minimize sources of scatter in the data by extracting conodonts from carbonate rocks, chemical pretreatment of conodont elements, and preference for conodont elements with small amounts of base material and relatively low CAI where possible, future Ordovician studies may continue to refi ne these methods and potentially achieve accurate and precise results on par with Mesozoic and Cenozoic studies (i.e., ~2.0 × 10 -5 for the width of the band of data defi ning the seawater curve; Farrell et al., 1995) .
Ordovician Sr Isotope Stratigraphy and Stratigraphic Resolution
For parts of the Ordovician in which rates of change in 87 Sr/ 86 Sr are relatively high (~5.0-10.0 × 10 -5 per m.y.), Sr isotope stratigraphy is likely to be useful as a high-resolution tool for correlation that is on par with, or potentially better than, conodont biostratigraphy. Sr isotope stratigraphy can also be particularly useful in strata that only preserve long-ranging cono donts or species that have poorly constrained age ranges, such as those at the Clear Spring section (Fig. 9) , where there are low yields of shallow- water Midcontinent realm conodonts in tidal to shallow subtidal facies. Stratigraphic resolution using 87 Sr/
86
Sr analyses of conodonts is limited by sample precision, and, as discussed earlier, our samples run in duplicate are on average different by 4.0 × 10 -5 with a 2σ standard deviation of 6.2 × 10 -5 (Table S4 [ , it may be possible to resolve two distinct 0.5 m.y. intervals; see Table 1 ; Fig. 12 ). The Ordovician absolute time scale (Cooper and Sadler, 2012) and relative positioning of samples from different regions within individual conodont zones are also sources of error in Sr isotope stratigraphy. In the discussion that follows, we compare rates of change and potential resolution using Sr isotope stratigraphy through the Ordovician while highlighting key sources of uncertainty in radiometric ages and biostratigraphy (see also GSA Data Repository text [see footnote 1]).
The resolution of Sr isotope stratigraphy in Lower Ordovician stages (Tremadocian-Floian) is relatively low based on a 87 Sr/
Sr rate of fall of ~1.6 × 10 -5 per m.y. (Table 1; Figs. 11 and 12; note that some potential structure on this overall fall may be substantiated with future work), which is similar to other slowly changing time periods in the Phanerozoic such as the early Cenozoic (Fig. 1B) Sr falls from 0.70880 to 0.70875, and the rate of change of 1.9 × 10 -5 per m.y. is similar to the Lower Ordovician. The possibility of an older age for the base of the Dapingian at 473 Ma Sr curve, which is possible resulting from uncertainty in biostratigraphy (i.e., the Dapingian-Darriwilian boundary falls somewhere within the H. sinuosa conodont zone), the rate of change goes up, but the resolving power using Sr isotope stratigraphy is still no better than conodont zones (Table 1) Fig. 1B ). Radiometric age dates raise the possibility that the base of the Darriwilian could be as old as 469 Ma, lowering the rate of change (Table 1) and are on par with some of the highest rates in the Phanerozoic such as the late Cenozoic, Middle Jurassic, or Early Triassic ( Fig. 1; McArthur et al., 2012) . The middle Darriwilian E. suecicus zone and partly time-equivalent P. polonicus zone yield rates of change of 7.9 × 10 -5 and 10.5 × 10 -5 per m.y., respectively. However, although the rates of change appear to be elevated signifi cantly by the middle Darriwilian, the number of 87 Sr/ 86 Sr data points used to calibrate both of the aforementioned zones is still quite limited (three data points at Meiklejohn Peak in Nevada for the E. suecicus zone; and a single data point at Meiklejohn Peak and two data points in Oklahoma for the P. polonicus zone; Figs. 5 and 8).
In the late Darriwilian P. serra zone, the Sr calibration for the top of the C. friendsvillensis zone is less certain because it includes horizons in Oklahoma that span the ranges of C. n. sp. and C. directus (Fig. 5) , highlighting the importance of taxonomic defi nitions for zonal boundaries in continuous lineages. In the late Darriwilian to early Sandbian P. anserinus and C. sweeti zones, the (Table 1) , although again uncertainty persists regarding the fi rst appearance datum of P. anserinus (e.g., in the Antelope Range of Nevada; see Harris et al. [1979] versus Sweet et al. [2005] ) and the lack of evidence for precise placement of the top of the C. sweeti zone in most sections (defi ned by the fi rst occurrence of P. aculeata).
In the middle Sandbian B. variabilis zone, the Sr data directly from stratigraphic horizons yielding conodonts of the B. variabilis zone are absent in our study, but E. elongatus is used as a proxy for this zone. The 87 Sr/ 86 Sr value used for the top of the B. variabilis zone is problematic due to taxonomic uncertainty over early forms of B. gerdae (Harris et al., 1979) that defi ne the base of the overlying zone (and base of stage slice Sa2; Bergström et al., 2009 Sr. Young et al. (2009) modeled the infl uence of this weathering event on CO 2 drawdown and found that rates of volcanic degassing may have kept CO 2 levels and climate stable until the late Katian. Sea-level change was not included in this model but exerts an important control on strontium fl uxes to the oceans, as detailed in Shields et al. (2003) . Because of heterogeneity in continental crust, rises and falls in sea level can change the type and age of rock exposed to weathering on the continents, which may affect the 87 Sr/ 86 Sr of the riverine Sr fl ux and also its magnitude. In addition, sea level is sometimes used as a proxy for rates of seafl oor spreading, which can affect the relatively nonradiogenic seawater Sr fl ux from mid-ocean-ridge hydrothermal alteration (Veizer, 1989) . Thus, periods of rising sea level might be expected to coincide with an increase in the ratio of nonradiogenic Sr derived from mid-ocean ridges relative to radiogenic Sr weathered from the continents. Here, we examine more closely the evidence showing that the increased rate of 87 Sr/ 86 Sr fall beginning in the middle Darriwilian P. polonicus-P. serra interval coincided with a rise in sea level. In North America, a prominent Ordovician megasequence (fi rst-order) boundary occurs at the transition between the Sauk and Tippecanoe sequences, which apparently formed over a protracted period of time representing almost the entire Middle Ordovician (e.g., Finney et al., 2007; . The global signifi cance of the Sauk-Tippecanoe megasequence boundary may be indicated by relatively low sea level in the Dapingian and Darriwilian Stages elsewhere in the world, with a prominent lowstand recognized in the mid-Darriwilian in some locations (Nielsen, 2004; Su, 2007; Kanygin et al., 2010; Dronov et al., 2011) . In North America, maximum regression associated with the SaukTippecanoe megasequence boundary occurred somewhere in the middle Darriwilian and may be narrowed down to the H. holodentata conodont zone where biostratigraphic control is particularly good (Dwyer and Repetski, 2012) . Few regions in North America contain sections with continuous sedimentation through the SaukTippecanoe transition, but the H. holodentata conodont zone and surrounding middle Darri- wilian zones are present in the sections studied here in Oklahoma and Nevada (the interval is also thought to be complete in Maryland, but conodont element preservation is poor in dolomite).
The Oklahoma and Nevada successions represent excellent opportunities to examine more closely the linkages between 87 Sr/ 86 Sr and sea level because these regions serve as the reference sections for the Middle Ordovician portion of the Haq and Schutter (2008) Paleozoic global sea-level curve (see also Ross and Ross, 1995; Ross et al., 1989) . In east-central Nevada, the Shingle Pass section we analyzed for 87 Sr/ 86 Sr is comparable to the nearby Ibex area of westcentral Utah that was the focus in the study of Haq and Schutter (2008) (see also Miller et al., 2012; Edwards and Saltzman, 2014) . A major sequence boundary in Utah occurs in the P. polonicus-E. suecicus conodont zones (Haq and Schutter, 2008 ), which we recognize as near the onset of the increased rates of fall in 87 Sr/ 86 Sr. The next younger depositional sequence occurs in the P. serra zone in Oklahoma (Schutter, 1992; Haq and Schutter, 2008) and marks the major change to rising long-term sea level above the Sauk-Tippecanoe megasequence boundary.
Although a causal relationship between sea-level rise and a decrease in 87 Sr/ 86 Sr in the Darriwilian may exist (i.e., assuming a combination of a reduced riverine fl ux, which is relatively radiogenic compared to seawater, and an increased hydrothermal fl ux), different relationships between sea level and 87 Sr/ 86 Sr are seen in other parts of the Ordovician. For example, following the end-Ordovician (Hirnantian) glaciation, a transition to rising sea level in the Early Silurian coincides with increasing rather than decreasing 87 Sr/ 86 Sr ( Fig. 1) . In the Early Ordovician, long-term sea level peaks in the Floian Sr could be infl uenced by tectonic events on the continents that expose new rock types for weathering. Tectonic events such as the Taconic uplift (Read and Repetski, 2012) and associated changes in weathering (i.e., changes in the ratio of volcanic weathering, mainly basalt, to total silicate weathering) were the preferred explanation by Young et al. (2009) Qing et al., 1998; Shields et al., 2003) and have also been proposed to play an important role in shifts in the Mesozoic and Cenozoic (e.g., Richter et al., 1992; McArthur et al., 2001; Waltham and Gröcke, 2006; Kent and Muttoni, 2008) . However, it is particularly diffi cult in the Paleozoic to disentangle the relative roles of sea level and tectonics in exposing or covering rocks of differing ages and 87 Sr/ 86 Sr on the continents on a global scale (Gouldey et al., 2010; Cramer et al., 2011) . Furthermore, because ocean crust is not preserved in the Paleozoic, it is diffi cult to evaluate the importance of hydrothermal activity related to increased ocean crust production at mid-ocean ridges, which has been linked to large and rapid drops in 87 Sr/ 86 Sr in the Jurassic and Cretaceous (Jones and Jenkyns, 2001 ) and potentially the Middle Ordovician (Qing et al., 1998; Shields et al., 2003) .
CONCLUSIONS
Although the basic structure of the Ordovician 87 Sr/ 86 Sr isotope seawater curve is well established and shows continuously falling values, the results of this study using conodont apatite bolster the notion of a signifi cant increase in the rate of fall beginning in the Middle Ordovician (mid-Darriwilian P. polonicus to P. serra conodont zones). The highest rates of Sr, although additional modeling studies are needed to determine the magnitude of an event that is required to alter Sr fl uxes on the time scales proposed here. Future work should focus on potential implications for the broadly coincident changes in biodiversity (major pulses of the Great Ordovician biodiversifi cation event, GOBE), δ 13 C carb (middle Darri wilian isotope carbon excursion, MDICE), temperature, and oxygenation (Kaljo et al., 2007; Trotter et al., 2008; Schmitz et al., 2008 Schmitz et al., , 2010 Ainsaar et al., 2010; Servais et al., 2010; Miller, 2012; Harper et al., 2013; Albanesi et al., 2013; Edwards and Saltzman, 2014; Calner et al., 2014) . In addition, further refi nement of Ordovician δ 13 C stratigraphy can also potentially provide improved chemostratigraphic time resolution (e.g., Cramer et al., 2010) when integrated with Sr isotope stratigraphy. (Cooper and Sadler, 2012) . For conodont genera, see Figure 3 caption. *A Sr "slice" is defi ned by assuming an error bar (precision) of 4.0 × 10 -5
, which is equal to the average difference between duplicate analyses (see Table S4 [text footnote 1] and text for discussion). For example, in the Darriwilian, the net drop in 87 Sr/ 86 Sr is 40 × 10 -5 , and this number divided by precision (4 × 10 -5 ) yields 10 Sr slices over 8.9 m.y., with an average resolution of 0.9 m.y./slice (see Fig. 12 ). Note that this represents the best-case scenario and use of the 2σ standard deviation of 6.2 × 10 -5
for replicate analyses will result in somewhat coarser resolution. If a sample is not analyzed in duplicate, the error bar is 2 times the precision (which can be based on average difference or 2σ). † Maximum number using either North Atlantic or North American Midcontinent zonations (Cooper and Sadler, 2012) .
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